The binary manganese-antimony (Mn-Sb) phase diagram was reinvestigated in the whole composition range using powder-XRD, DTA and SEM-EDX. The phase boundaries and melting temperatures of the ferromagnetic phases MnSb and Mn 2 Sb were modified by taking into account the new experimental data. Most of the reaction temperatures could be verified within a range of ±10°C. Nevertheless, a few temperatures had to be revised, such as the eutectic reaction L fi b-Mn + Mn 2 Sb at 893°C and the eutectoid reaction b-Mn fi a-Mn + Mn 2 Sb at 718°C. The previously reported peritectic melting behavior of MnSb could be confirmed. The variation of the lattice parameters of the NiAs-(B8 1 ) type MnSb phase with composition was determined. A revised version of the of the Mn-Sb phase diagram is presented.
Introduction
Binary intermetallic phases based on 3d metals and group 15 elements like MnSb, MnBi, Mn 2 Sb are interesting technical materials. Since the discovery of ferromagnetic iron-free manganese alloys by Heusler [1] these phases were frequently investigated by various authors, [1] [2] [3] [4] [5] [6] [7] [8] especially for their superior ferromagnetic and magneto-optical properties. Although several studies on phase composition, crystal structure, and magnetic properties of MnSb and Mn 2 Sb can be found in the literature, both at normal [9] [10] [11] [12] [13] as well as at high pressures, [14] [15] [16] [17] only a few experimental studies were published on the whole binary Mn-Sb system since the first investigation by Williams. [10] An assessment of the Mn-Sb system was given by Massalski [18] and Predel, [19] it is presented in Fig. 1 . Even though the published phase diagram was based on experimental data from several authors [9] [10] [11] [12] 20, 21] there were many uncertainties remaining, in particular with respect to the phase boundaries of solid phases: thus, the exact stability range of Mn 2 Sb and MnSb was not known.
Phases with the NiAs structure, such as MnSb, crystallize in the hexagonal space group P6 3 /mmc. This structure type is characterized by atoms of a main group element B (Sb), forming a hexagonal closed packed lattice on Wyckoff position 2c (1/3, 2/3, 1/4) with the octahedral sites being occupied by transition metal atoms T (Mn), on Wyckoff position 2a (0,0,0). In general, the stoichiometry of the NiAs-type phases may vary from TB 2 all the way to to T 2 B, including the ideal composition of TB. An overview about the properties of phases with the NiAs structure was given by Kjekshus and Pearson. [22] The aim of the present study is to resolve the uncertainties regarding the Mn-Sb phase equilibria and to provide an experimental investigation of the entire Mn-Sb phase diagram at temperatures above 500°C. Particular emphasis was placed on the melting behavior of the phase MnSb: although it had been shown to decompose in a peritectic reaction in the earlier literature, a congruent melting point could not be entirely excluded based on the experimental liquidus data as well as on the microstructure of samples in the composition range between MnSb and Mn 2 Sb. [23] In addition, the dependence of the lattice parameters of MnSb on the Sb content is reported.
Literature Review
The existing literature [9] [10] [11] [12] 18, 19, 21, [24] [25] [26] on the Mn-Sb system still manifests some discrepancies with respect to phase boundaries and reaction temperatures. Chen et al. [26] showed a homogeneity range of the MnSb phase at 700°C about 44 and 50 at.% Sb and a peritectic decomposition temperature of 843°C. Teramoto and van Run [24] reported its homogeneity range between about 44 and 49 at.% Sb at 700°C and showed a peritectic temperature of about 840°C. Vanyarkho et al. [12] also reported a peritectic temperature of 840°C with the peritectic composition extrapolated at 41 at.% Sb; they show a homogeneity range at 700°C between 42.5 and 48 at.% Sb. All of these authors agree that MnSb shows a more or less strong retrograde solubility on the Mn-rich side with the phase boundary shifting to higher Sb contents at lower temperatures. This is in line with the shift of the Mn-rich boundary reported by Askheim and Grønvold, [9] i.e. from about 43.8 at.% Sb at 700°C to about 46.2 at.% Sb at 200°C. Recent work by Romaka et al. [25] reported the solubility limits of MnSb between 47.19 and 53.45 at.% Sb at 600°C from a study of the ternary Mn-Sb-Zr system. Williams [10] mentioned the congruent melting temperature of Mn 2 Sb (33.1 ± 0.3 at.% Sb) at 919°C and a homogeneity range of 31 to 35 at.% Sb which is in a good agreement with the high-temperature homogeneity range between 31 and 36 at.% Sb reported by Murakami and Hatta. [21] Later on, Askheim and Grønvold [9] described a ''shift of the composition of the Mn 2 Sb phase'' from 33.3 at.% Sb at 600-700°C to 32.4 at.% Sb at 250°C and mentioned a congruent melting temperature of 948°C. In their assessment, Massalski et al. [18] show a temperature independent homogeneity range between about 32.3 and 34.5 at.% Sb for Mn 2 Sb and a congruent melting temperature of 948°C at about 34.3 at.% Sb. The eutectic L fi MnSb + Sb is reported by Massalski et al. [18] at approximately 81 at.% Sb and 570°C which was confirmed by more recent work by Liu et al. [27] . The eutectic L fi b-Mn + Mn 2 Sb was reported at approximately 27 at.% Sb and 922°C by Massalski et al. [18] The MnSb phase diagram, as shown in the literature [18] , is presented in Fig. 1 .
Several reports can be found in the literature on the behavior of Mn-Sb alloys at high pressures (see, for example, Ryzhkovskii et al., Goncharov and Ryzhkovskii, Yamashita et al., Ryzhkovskii and Goncharov [14] [15] [16] [17] as well as references therein). This includes an L1 2 -type phase Mn 3 Sb which, however, is not stable at ambient pressure.
Besides the heat capacity data for Mn 2 Sb by Askheim and Grønvold [9] no other thermodynamic information on Mn-Sb alloys could be found in the literature. In their CALPHAD-type assessment of the ternary Bi-Mn-Sb system, Uemitsu et al. [30] optimized also the binary MnSb system. However, this was solely based on phase diagram information except for the heat capacity of Mn 2 Sb from Askheim and Grønvold. [9] 3. Experimental
Sample Preparation
Most of the samples containing more than 33 at.% Sb were prepared from pure element pieces (Mn, 99.95%, and Sb, 99.999%; both Alfa Aesar, Johnson Matthey Chemicals, Karlsruhe, Germany) which were weighed under Ar atmosphere in a glove box (Labmaster SP MBraun, O 2 and H 2 O level: <1 ppm each). They were sealed into evacuated silica glass tubes ($10 À3 bar) and melted over an oxyhydrogen flame under shaking and with optical control of the melting process. The total amount of each sample was about 1000 mg. All samples except one were annealed at different temperatures for at least two weeks. The sample Mn 59.8 Sb 40.2 was quenched in cold water immediately after melting instead of annealing.
All other samples were produced from the same materials, but the Mn and Sb pieces were manually powdered under Ar atmosphere in the glove box, and the powder mixtures were filled into a 5 mm pressing cylinder, sealed tightly with Parafilm Ò , and pressed into pellets under a load of 20-25kN. The pellets were placed into alumina (Alox) Fig. 1 Mn-Sb phase diagram according to Massalski et al. [16] crucibles, sealed into evacuated silica glass tubes ($10 À3 bar), and heated in a furnace to 1100°C for 5 min, cooled down within 30 min to the corresponding annealing temperature and annealed for at least two weeks. Finally, the alloys were quenched in cold water and investigated by standard analytical methods.
All details of sample preparation and annealing are summarized in Table 1 . Due to the reactivity and volatility of Mn, the nominal sample compositions are considered to be less accurate than usual. Therefore, the gross compositions of the samples listed in the Tables 1 and 2 were all derived from scanning electron microscope (SEM) area scans. Depending where the samples are located in the muffle furnace (Nabertherm, Germany) the annealing temperature should be accurate within approximately ±10°C.
Phase identification was done by powder-x-ray diffraction (XRD) on a Bruker D8 Advance Diffractometer in Bragg-Brentano pseudo-focusing geometry (reflection setting) at ambient conditions, using Cu-K a radiation. Data were collected by a LynxEye Ò one-dimensional silicon strip detector (exposure time 2 h). Analysis and refinement of the powder patterns were done with the TOPAS Ò 4-2 software [28] applying the Rietveld method. Metallographic investigations were performed on polished samples by utilizing a scanning electron microscope (SEM) (Zeiss Supra 55 VP) with energy-dispersive x-ray spectroscopy (EDX). Backscattered electrons were used for visualizing the surface at 20 kV acceleration voltage. For the calibration of the EDX detector, the pure elements Mn and Sb were used as standard materials and pure Co was employed for the energy calibration. The average phase composition was obtained from at least eight spot/area scans in order to minimize statistical errors.
Differential thermal analyses (DTA) were performed on a DSC 404F1 Pegasus (Netzsch, Selb, Germany) applying evacuated silica glass crucibles ($10 À3 bar) for temperatures below 1100°C, and closed Ta crucibles for temperatures above 1100°C. Zirconium was used as reference material. The temperature program included two heating and cooling cycles with a heating/cooling rate of 5 or 0.5 K/ min in some special cases, (see Table 2 ), starting from the annealing temperature up to about 50°C above the estimated liquidus temperature. Temperature measurements were performed with type S (Pt/PtRh) thermocouples which had been calibrated at the melting points of Ag, Au, Sb, Sn. In order to prevent a reaction between the samples and the crucible material, the silica glass crucibles were protected by a carbon layer and the Ta crucibles by using a hexagonal boron nitride (BN) inlay.
Results and Discussion
Sample compositions, heat treatments, and the results of powder-XRD and EDX are summarized in Table 1 . The results of the DTA measurements are shown in Table 2 ; for the cases where Mn has reacted with the carbonized silica glass tubes during the DTA measurements, only the results of the first heating and cooling cycle were used and listed in the table.
The complete Mn-Sb phase diagram as a result of the data obtained by DTA, XRD, and SEM-EDX is shown in Fig. 2 . The magnetic transition temperatures were taken from Massalski et al. [16] 
Mn 2 Sb Phase
The homogeneity range and the congruent melting point of the phase Mn 2 Sb that were obtained here are not fully consistent with the values reported by Massalski et al. [18] EDX results of samples in the adjacent two-phase fields, annealed at 600°C, 725°C, and 800°C, indicate a stability range for Mn 2 Sb between 33.7 ± 0.7 and 34.5 ± 0.6 at.% Sb, more or less independent of temperature. Above 800°C, the homogeneity range of Mn 2 Sb becomes narrower, approaching the congruent melting point. The extrapolated onsets of the melting peaks of samples inside the Mn 2 Sb stability phase field were between 901°C and 902°C, indicating a congruent melting point at 901 ± 1°C.
These results are in contrast to the values reported in the literature. The homogeneity range is narrower than shown by Massalski et al., [18] and it is also slightly different from the results by Askheim and Grønvold [9] who described the composition of Mn 2 Sb as 33.3 at.% Sb at 600 to 700°C and Table 1 , do not change significantly with composition; they agree very well with the values listed in Askheim and Grønvold [9] and, more recently, reported by Ryzhkovskii et al. [14] 
MnSb Phase
The shape of the MnSb phase field as it is shown in the literature [12, 18, 26] is rather peculiar: a marked retrograde solubility on the Mn-rich side and a phase boundary on the Sb-rich side that shifts distinctly to higher Sb contents with decreasing temperature. In addition, the peritectic composition of MnSb is very close to the composition of the liquid at the peritectic reaction. Thus, it was considered possible that MnSb has actually a congruent melting point slightly higher than a eutectic reaction between Mn 2 Sb and MnSb. This suspicion was nurtured by micrographs of samples in the composition range between Mn 2 Sb and MnSb, both in the literature (see e.g. Yuan et al. [23] ) as well as in present samples (Fig. 3a) .
Therefore, a large number of samples was placed in the composition range between about 35 and 50 at.% Sb, and very careful DTA measurements were performed (Table 2) . Four samples between 42.9 and 45.5 at.% Sb (underlined in Table 2) were measured with a heating/cooling rate of 0.5 K/min in order to be able to distinguish possibly overlapping thermal effects. In addition, two DTA-measurements were made where one sample was measured versus another one as reference (Mn 56 Sb 44 vs. Mn 54.5 Sb 45. 5 and Mn 62 Sb 38 vs. Mn 54.5 Sb 45.5 ) in order to clearly distinguish which one shows the lower liquidus temperature (see Fig. 4 ). As can be seen in Fig. 4 , the heating curve shows an apparently exothermic effect at 815°C (onset) which is actually the solidus effect in the reference sample, i.e. in the one with the higher Sb content. This is followed by an endothermal effect with the onset at 829°C and the maximum at 837°C, obviously corresponding to the peritectic reaction and the liquidus effect in the sample (with the lower Sb content).
The combined results indicate that MnSb does actually decompose in a peritectic reaction, as shown in the literature [12, 18, 24, 26] whereas the peritectic composition of MnSb is at a somewhat higher Sb content. Interpretation of DTA data (Table 2 ) and phase composition measurements of samples containing 38.0 to 81.6 at.% Sb result in a phase field for MnSb as shown in Fig. 2 .
These results seem to contradict the appearance of micrographs of various samples. For example, the micrograph of a sample Mn 59.8 Sb 40.2 that had been quenched from the melt shows a structure similar to a laminar eutectic texture with an average composition of approximately Mn 58.2 Sb 42.8 (Fig. 3a) . A similar micrograph had also been observed by Yuan et al. [23] It must be concluded that the fine lamellae of Mn 2 Sb precipitate out of the MnSb crystals on cooling due to the marked retrograde solubility. This is in line with the observations by Chen et al. [26] who observed similar precipitations of Mn 2 Sb in their MnSb single crystals. Due to the small difference in composition between the liquid phase and Mn 2 Sb in the peritectic reaction the typical peritectic microstructure cannot develop.
It is interesting that Teramoto and van Run [24] observed between 820 and 500°C an almost temperature independent Mn-rich phase boundary of MnSb ($45.5 at.% Sb) from Curie temperature measurements on quenched samples which was in clear contrast to the DTA results. They concluded that the equilibrium was frozen in at a temperature of about 550°C whereas at higher temperatures quenching was not able to preserve the correct phase equilibrium.
Mn-Rich Part of the System (x Sb < 0.33)
The results obtained in this part of the system differ somewhat from data reported in literature. [18] In particular, DTA results of samples at 4.0 and 5.4 at.% Sb show an invariant reaction at 1153 ± 2°C which is interpreted as the peritectic formation of c-Mn, L + d-Mn fi c-Mn, which is approximately 50°C lower than shown in Massalski et al. [18] The homogeneity range of c-Mn was derived from the DTA results of four samples between 4.0 and 7.3 at.% Sb (see Fig. 2 and 5) . The metatectic reaction c-Mn fi bMn + L is estimated at about 900°C from the DTA results of only one sample (Mn 76.7 Sb 23.3 ) measured in a silica glass crucible where an effect was observed at 902°C. Not finding this effect at about 900°C in other samples with compositions nearby is related to measuring these in Tacrucibles where the resolution is not sensitive enough to detect this rather small effect.
The investigation of the eutectic reaction L fi bMn + Mn 2 Sb showed some differences depending on the crucible material used for the DTA measurements. Significant deviations were observed in the samples ranging from 5.4 to 32.5 at.% Sb with average temperatures of 888°C when measured in silica glass crucibles and 893°C in Tacrucibles. Due to the observed reactions between Mn and the carbonized silica glass tubes which will certainly influence the measurements, the values obtained with the Ta crucibles are preferred, and the eutectic temperature is shown at 893 ± 1°C. Again, this temperature is considerably lower than the value of 922°C in Massalski et al. [18] [16] Circles: invariant thermal effects; triangles up: liquidus on heating; triangles down: liquidus on cooling; crosses: thermal effects related to phase boundaries; horizontal bars: error margin of phase boundaries according to SEM results
The eutectic point itself was determined at 30 ± 1 at.% Sb from the SEM-EDX results of a number of samples and from the extrapolation of the liquidus lines; it is in reasonable agreement with the reported value of 27 at.% Sb by Massalski et al. [18] The invariant reaction temperature of 718 ± 2°C for the eutectoid reaction b-Mn fi a-Mn + Mn 2 Sb was measured in Ta crucibles and is higher than the reported value of 677°C [18] . It only appeared in the first heating run and could not be detected on cooling nor on second heating. It was not found in samples with more less than 20 at.% Sb, obviously because the heat effect involved in this solid state transformation is rather small. EDX investigations of the solubility range of Sb in a-Mn in several samples indicated a solubility of 2.3 ± 0.9 at.% Sb at 600°C and in b-Mn 3.1 ± 0.2 at.% Sb at 725°C. (Table 2 ) of the samples containing between 50.6 and 85 at.% Sb revealed a eutectic reaction L fi MnSb + Sb at a temperature of 566 ± 1°C, and the eutectic point was determined at 83 ± 2 at.% Sb from EDX results of various samples and an extrapolation of the liquidus line. This is in good agreement with the values reported by Massalski et al., Liu et al. [18, 27] i.e. 570°C and 81 at.% Sb.
Lattice Parameters of the MnSb Phase
The unit cell parameters a, c, the ratio c/a and the cell volume V of the MnSb phase, measured powders quenched from 725 or 800°C, respectively, are shown in Fig. 6(a)-(d) together with the values of Teramoto and van Run [24] as well as Chen et al. [26] For the sample with 50.6 at.% Sb, a small amount of Sb was detected by XRD which is in good agreement with the phase boundary shown in Fig. 2 . Comparison of the obtained results with those of Teramoto and van Run [24] and Chen et al. [26] shows reasonable agreement whereas the values of Romaka et al. [25] deviate considerably. In fact, these latter authors describe an increase in lattice parameters a (from 4.144(3) to 4.151(4) Å ) and c (from 5.773(2) to 5.785(3) Å ) with increasing Sb content from 46 to 53 at.%. This elongation in both parameter leads to a volume increase from 85.856(13) to 86.325(17) Å 3 , which is in clear contradiction to the general behavior of NiAs-type phases, i.e. decreasing volume with decreasing content of the transition metal in the unit cell.
As can be seen in Fig. 6(a)-(d) , the lattice parameter a decreases whereas the lattice parameter c increases with increasing Sb content; the c/a ratio increases in the same direction and lies between about 1.35(1) and 1.39(2), which is in the typical range of the NiAs structure as pointed out by Brand et al. [29] but far away from the ratio c/a = 1.633, which represents the ideal value for hexagonally closed packing. The cell volume versus Sb content decreases from about 88.52(1) to 86.05(5) Å 3 with increasing Sb content. This trend in the cell volume and the c/a ratio indicates that the structure undergoes a continuous change from the NiAs to the disordered Ni 2 In structure type with increasing Mn content.
Summary
The complete Mn-Sb phase diagram above about 500°C was investigated by standard experimental methods and is presented in Fig. 2 . Based on the present results, the homogeneity ranges of the intermetallic compounds Mn 2 Sb and MnSb were reassessed. All invariant reactions were determined by DTA measurements and are listed in Table 3 . The peritectic formation of MnSb, as reported by Massalski Circles: invariant thermal effects; triangles up: liquidus on heating; triangles down: liquidus on cooling; crosses: thermal effects related to phase boundaries et al., [18] could be confirmed although the peritectic composition (44.6 at.% Sb) had to be shifted to the Sbrich side by about 4 at.% and the reaction temperature (829 ± 1°C) is about 10°C lower. The homogeneity range of Mn 2 Sb is narrower than reported previously.
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